INTRODUCTION
Streptococcus pneumoniae (pneumococcus) is commonly found in the upper respiratory tract of dataset consisted of 35,898 isolates, representing 96 serotypes and 11,718 MLST lineages from 1 0 1 the data available on March 23, 2019 . Based on the allelic similarity between isolates, 581 clonal 1 0 2 clusters (CC) were generated using the eBURST [23] tool from the PubMLST database. As a 1 0 3 comparison, we analyzed the serotype and sequence cluster (GPSC) data for 13,454 isolates from 1 0 4
the Global Pneumococcal Sequencing Project (GPS) presented by Gladstone et al [24] . Throughout the manuscript, 'genetic lineage' refers to either the MLST, CC, or GPSC group, as 1 0 6
indicated. We used polysaccharide composition data from the previously published literature 1 0 7 [25] , and the carriage data were as described in Tothpal et al [26] . Detecting non-random serotype-switching patterns
We assumed that if two serotypes were detected on the same genetic lineage, this resulted from a 1 1 1 capsule switching event. We used two complementary methods to detect such capsule switching 1 1 2 events: Monte Carlo (MC) [18, 27, 28] and market basket (MB) [29, 30] analysis (also called 1 1 3 Association Rule Mining). We used MC simulation to assess if the number of genetic lineages 1 1 4 associated with a serotype pair were more than what was expected by chance. We first counted 1 1 5 the number of genetic lineages on which a serotype pair was detected, i.e., the observed number 1 1 6 of shared genetic lineages. These pairs were then reshuffled to produce 1000 random datasets, 1 1 7 and for each pair, the number of shared genetic lineages were calculated. 97.5 percentile was 1 1 8 chosen as a significance threshold, and serotype pairs with shared genetic lineages higher than 1 1 9 this threshold were considered significant candidates for potential serotype switching. As a complementary analysis, we used MB analysis, which is used in commerce settings to identify associations between items likely to be purchased together. In our analysis, an
individual genetic lineage is like a customer shopping for different capsule structures or proportion of times that B is detected when A is detected. And the lift is calculated as than would be expected if they were independent. Significance values for Chi-square test were 1 2 8 calculated to assess dependence between serotypes in a pair, and Fisher's exact test to measure the significance of association rules. Aggregating the data by MLST and CC has tradeoffs for detecting serotype switch importance values to serotype associations from the MB and MC analysis results, we built an with index score thresholds from 1 to 5, with more or fewer connections shown in the plot the best balance of complexity ability to visually interpret the plot. Serotype diversity was calculated based on how many isolates of that serotype were identified in 1 4 9 different clonal clusters. We made a Serotype*Genetic Lineage matrix containing the number of (SDI) is a tool used in population genetics to measure diversity within populations. [31, 32] We
used it to measure the diversity of the genetic lineage within individual serotypes. In this case, same serotype, two randomly selected isolates have different genetic lineages. SDI were 1 5 5 calculated for each serotype using the formula Σn(n-1)/N(N-1),where N is the total of isolates belonging to one serotype and n is the number of isolates for a single genetic lineage within a Correlation of capsule switch patterns and diversity with polysaccharide characteristics.
We hypothesized that the inclusion of specific sugars in the capsule could influence the 1 6 1 frequency of capsule exachange. We therefore evaluated correlations between specific sugars 1 6 2 and the co-occurrence of different serotypes on the same genetic lineage. To evaluate the 1 6 3 correlation between capsule exchange patterns and capsule structure, we performed a series of 1 6 4 regression analyses. The goal was to test whether serotypes that had sugar X in their capsule were more likely to switch with another serotype that also had sugar X in its capsule. For every potential pair of serotypes, we counted the number of genetic lineages that they were both detected on. We then fit a series of quasi-Poisson regressions in which the outcome variable was interest was whether sugar X was present in both members of the serotype pair or just 1 member pair has sugar X. Serotypes found on more genetic lineages would be more likely to co-occur with each other by chance. Therefore, we adjusted for this in the regression by using the product of the proportion of genetic lineages on which serotype A was found and the proportion of genetic lineages on which serotype B was found. This product was normalized using a Box-Cox serotype pairs that were not in the same serogroup and in which at least 1 member of the pair had sugar X in the capsule. The analyses were repeated separately when grouping strains by MLST or by CC. We also performed a similar set of analyses but where the outcome was binary (does presented together for comparison. As a complementary analysis, we evaluated the correlation between the presence of variable was the serotype-specific SDI (logit-transformed). We expected that SDI would be 1 8 7 associated with the prevalence of the serotype (because more commons serotypes have more 1 8 8 opportunity for recombination), so we controlled for carriage prevalence in the pre-vaccine 'ggplot2' [38] . The output of igraph was saved in graphml file which was then visualized in We quantified the degree of serotype switching, both within and between serogroups, for 2 0 7 every possible pair of serotypes. In agreement with previous studies [18] , we found a higher-2 0 8 than-expected likelihood of serotype switching within serogroups (Figure 1) . A number of 2 0 9 outside-serogroup switches were also detected more frequently than expected by chance. We hypothesized that serotype pairs with capsular polysaccharides that are more similar 2 1 1 biochemically might be more likely to switch. Serotype pairs in which both members had glucose in their capsules were more likely to be detected on the same genetic background (comparing between-serogroup pairs only) ( Table 1) . This result was consistent whether aggregating the isolates by CC, MLST, or GPSC and was confirmed by examining the top co- occurring serotype pairs from the market basket/Monte Carlo analyses ( Table 2) . Glc was found 2 1 6 in the structure of both serotypes in all but one of the pairings for which structural information was available (overall, Glc is present in the capsules of 67 of 84 serotypes with known structure). There was also some evidence that serotypes that had GlcA in the capsule were more likely to co-occur on the same genetic lineage as another serotype with GlcA (Table 1) ; however there 2 2 0 was a high degree of uncertainty in the estimates when the isolates were grouped by MLST or 2 2 1 GPSC rather than CC. For other sugars (e.g., FucNAc, any NAc sugar), there were some associations depending on how the strains were grouped or analyzed, but the patterns were not consistent ( Table 1 ). There were not notable similarities between clusters identified based on Variation in diversity by serotype 2 2 8 Another measure of the amount of capsule switching occurring for each serotype is based on the diversity of clonal clusters associated with a serotype-serotypes that switch more readily will 2 3 0 be associated with more genetic lineages. There was considerable variability in diversity between 2 3 1 serotypes (Figure 2) . We considered whether the presence of certain sugars in the capsule was 2 3 2 associated with higher or lower diversity. The hypothesis is that the inclusion of certain sugars in the capsule could influence the probability that the capsule could efficiently switch to a different 2 3 4 genetic lineage, due to epistatic interactions. In regression analysis, after controlling for pre- vaccine carriage frequency, diversity was lower for serotypes with GlcA in their capsules and higher for serotypes with Gal in the capsule ( Table 3) . The association between GlcA and 2 3 7 diversity was apparent when analyzing the data by CC or by GPSC, but not when aggregating by GPSC there was more uncertainty in the estimate. In this study, we demonstrate substantial variability in genetic diversity between 2 4 3 serotypes. Variation in diversity was correlated with the presence of specific components in the 2 4 4 polysaccharide capsule (GlcA and Gal). And non-random capsule switch events were detected, 2 4 5 both within and between serogroups. Switching between serogroups was more common when 2 4 6 both members of the pair had Glc (or possibly GlcA) in the capsule structure. Together, these 2 4 7 results support the notion that there is an interaction between genetic background and the capsule. Some capsules had more or less ability to switch to a different genetic background, and having a successful homologous recombination event [21] ; or switching patterns could be influenced by other characteristics of the serotypes that influence the uptake or exchange of DNA. And finally, the mechanism of initiation of polysaccharide chain formation could Characteristics of the cell surface on certain strains could be better adapted to link to glucose 2 7 4 than to other possible initiating sugars. Our analyses have certain limitations. We cannot determine the direction of the serotype switch from the MLST data, which would be possible with more detailed WGS data [46] . Streptococcus pneumoniae is one of the first organisms to have a critical mass of whole genome sequence (WGS) data that can potentially assist with studying genetic mechanisms of serotype switching. There are now tens of thousands of pneumococcal genomes that have been sequenced [14] [15] [16] , providing an opportunity to further interrogate some of the putative serotype limitations as well. For instance, we were not able to verify the validity of the serotype 
